Abstract-A novel protection architecture for passive optical networks (PONs) is presented and evaluated. It is based on the cyclic property of arrayed waveguide gratings (AWGs) and the interconnection between two adjacent optical network units. The proposed scheme is compatible with both wavelength-division-multiplexing (WDM) PONs and hybrid WDM/time-division-multiplexing PONs. It is compared with two existing schemes and shown to have several advantages: 1) 50% less wavelengths is needed; 2) the fiber interconnections are simplified; 3) the connection availability is improved by one order of magnitude.
I. INTRODUCTION
P ASSIVE optical networks (PONs) with wavelengthdivision-multiplexing (WDM) technology (such as WDM PON and hybrid WDM/time-division-multiplexing (TDM) PON [1] ) can provide a promising solution for broadband access. High utilization of wavelengths is desirable to support more subscribers in access networks since the total number of wavelengths (offered by commercially available light sources) is limited. Furthermore, access networks are very cost-sensitive. Because network operators need to guarantee the level of connection availability specified in the service level agreement it is important in PON deployment to minimize the cost for protection while maintaining the connection availability at the acceptable level.
Typically, PON consists of optical line terminal (OLT), remote node (RN), several optical network units (ONUs), and fiber links including feeder fiber (FF) between OLT and RN which are shared by all the ONUs and distribution fibers (DFs) between RN and each ONU. Obviously, multiplying these network resources (and investment cost) to provide protection is not acceptable in access networks. Therefore, much effort has been made to develop cost-effective protection schemes for PONs. For example, in [2] , fiber interconnection between two neighbouring ONUs is used to provide the protection for DFs which allows us to save a lot of investment cost. The protection architecture presented in [3] requires only half of the wavelengths as compared with [2] , but needs much more interconnecting fiber between the ONUs. In this letter, we present a novel protection scheme based on the cyclic property of arrayed waveguide gratings (AWGs) and neighbouring connection pattern between ONUs. The performance evaluation shows that our scheme offers one order of magnitude better connection availability while keeping the advantages of schemes in [2] and [3] , i.e., maintaining simple interconnections between ONUs and saving 50% wavelengths.
II. NOVEL PROTECTION SCHEME Fig. 1 shows the proposed protection scheme for the hybrid WDM/TDM PONs. The OLT hosts TDM PONs using wavelengths and one AWG in RN. Each TDM PON supports ONUs. One can consider the WDM PON as a special case of the hybrid WDM/TDM PON when . The AWG can be designed based on an AWG [4] with the cyclic property. The first, second, st, and nd input ports which are connected to the OLT by the FFs can be used for upstream/downstream and working/protection paths, respectively. Let denote wavelength coming into the th input port of the AWG for downstream (upstream). In the th TDM PON (ONU) connected to the th output port of the AWG, ( can be treated as 1) is the working wavelength for upstream (downstream). Let denote the th ONU in the th TDM PON in a hybrid WDM/TDM PON. We can deploy the th and ( th TDM PONs as the geographical neighbours and form Pair comprising the th ONUs of these two neighbouring TDM PONs. In a WDM PON, the th and ( th ONUs are deployed as the geographical neighbours and form Pair . Due to the cyclic property of AWG, an appropriate wavelength assignment can make ONUs in the pair to protect each other. The wavelength assignment of upstream/downstream traffic in working/protection mode for each TDM PON (ONU) is indicated in Fig. 1 . It can be seen in Fig. 1 that the same wavelength can be reused for one TDM PON's (ONU's) upstream and another TDM PON's (ONU's) downstream in both working and protection paths. Therefore, the hybrid WDM/TDM PONs (WDM PONs) with TDM PONs (ONUs) only needs wavelengths. Compared with [2] , our proposed scheme can save 50% wavelengths.
In the normal operation, the fiber interconnecting and is not used and the optical switch (OS) at the ONU is set to its port 1 (see the right-hand part of Fig. 1 ). In the case of fiber-cut between and the AWG, detect the loss of the downstream signal power since the transmitter at the OLT keeps sending digitally modulated light. An electric control signal will then be generated to trigger the OS from port 1 (for the normal state) to port 2 (for the protection state, see Fig. 1 ). Thus, the corresponding interconnection fiber (connecting port 2 of the OS in and the wavelength filter (WF) of its neighbour in the same pair) works for both the upstream and downstream traffic flows associated with . is protected in a similar way through the protection fiber (connecting port 2 of the OS in ) and the second output of WF for its neighbour in the same pair. For the WF, either red/blue filter (as in the existing scheme [2] , [3] ) or fiber Bragg grating with a fixed reflection wavelength can be used to filter out different wavelengths for the neighbouring ONUs (TDM PONs).
Protection of FFs in our scheme is obtained as follows. Two FFs connected to the first and second input ports are the working fibers while the other two FFs connected to the st and nd input ports are the protection fibers. The cables of the working and protection fibers should be geographically disjointed. Automatic protection switching is trigged at each ONU and the traffic is switched from the working fiber to the protection one if failure of working FF occurs.
Unlike the centrally controlled protection scheme presented in [2] , our scheme will not influence the other normal ONUs in the case of the DF failure. The protection scheme reported in [3] cannot provide protection against multiple DF failures because ONUs use wavelengths in both red and blue bands while our scheme can support multiple failures of DFs at any ONU. Meanwhile, in contrast to the schemes in [2] and [3] , our scheme supports protection of the FFs which contributes to much better reliability performance (see Section III). In addition, for the hybrid WDM/TDM PONs, our protection scheme is not limited to the star topology and can be applied to the arbitrary tree topology as shown in Fig. 1 .
III. PERFORMANCE EVALUATION
In this section, we compare the complexity (in terms of the number of devices) of the existing and proposed protection schemes and present the evaluation of connection availability. 
A. Number of Devices
In order to simplify the comparison, we consider the case of WDM PONs (similar performance of the hybrid WDM/TDM PONs can be derived in the same way). Table I shows the number of devices needed to deploy the considered protection schemes. The total number of the required wavelengths in our scheme is halved as compared with the existing scheme in [2] . That means with the same total number of wavelengths, one single PON with our protection scheme can support double the number of subscribers. Due to limited wavelength range of light sources in the WDM technology, with the large number of subscribers in PON, our proposed scheme can reduce the investment cost compared with the existing scheme in [2] . Meanwhile, compared with the existing scheme in [3] , the total number of interconnection fibers is halved. It allows for significant saving of capital expenditures related to burying the geographically disjoint interconnection fibers. The number of FFs in our scheme is 4, which is larger than those in [2] and [3] (2 and 3, respectively) . However, the total investment cost may be lower for our scheme compared with [2] and [3] due to the simple interconnections (i.e., lower cost for burying interconnection fibers) and reduced number of wavelengths. Furthermore, in contrast to [2] and [3] , our scheme supports the protection of the FFs and offers superior reliability performance. [2] and (c) in [3] , and (d) our proposed protection scheme. 
B. Connection Availability
We study the availability of a connection between the OLT and each ONU. Our availability models are illustrated by reliability block diagrams [5] , and are shown in Fig. 2 . Each block in the diagrams is characterized by a certain value of asymptotic unavailability. For description of symbols and their values, we refer to Table II . Unavailabilities and are calculated by multiplying the length of FF, DF, and DF (distributed fibers containing interconnection fiber for protection) by . is the number of splitters used in the th TDM PON. In the hybrid WDM/TDM PON, we let and denote the number of splitters used in the corresponding TDM PONs since in [3] the upstream and downstream traffic in protection path passes different TDM PONs. In the case of the WDM PON, we have . The expressions for the connection unavailabilities for the considered protection schemes are given by the following equations: (4) Our calculations are based on the reliability data presented in Table II . Furthermore, we assumed that and the lengths of FF, DF, and DF are 10, 5, and 7 km, respectively [2] .
The calculation results shown in Table III reveal that, in contrast to the schemes in [2] and [3] , our protection scheme can guarantee connection availability higher than 99.999% (i.e., 5 nines) due to protection for both FFs and DFs.
IV. CONCLUSION
In this letter, we have studied a protection scheme for both WDM PON and hybrid WDM/TDM PON. Similar to the existing schemes in [2] and [3] , our scheme has a relatively simple ONU design and low network cost. Compared with the two existing schemes in [2] and [3] , our protection scheme has three main advantages: 1) it requires 50% fewer wavelengths; 2) it uses simpler fiber interconnections; 3) it improves the connection availability by one order of magnitude (due to the protection of the FFs). Furthermore, a DF brake will not affect any ONU (TDM PON) that is not directly attached to the broken DF. Therefore, we can conclude that our approach maximizes the wavelength utilization for protection while offering much higher connection availability as compared with some existing schemes for both the WDM PONs and the hybrid WDM/TDM PONs.
